With the increasing popularity of pervious concrete as a pavement material, researchers and concrete manufacturers have paid more attention to research needs. Pervious concrete is currently used in low traffic volume areas such as parking lots, footpaths and driveways. This is because it generally has lower strength than conventional concrete. This paper aims at developing a computational model to simulate the behaviour of pervious concrete under compression. Since compressive strength is one of the most important properties for concrete, a virtual model will provide a better understanding of its mechanical performance, which in turn will improve both the mix design and the material strength in the future. The discrete element method was applied and the results of calculations based on particle flow analysis are compared to the experimental data.
Introduction
Pervious concrete, which is also known as porous concrete or permeable concrete, is a mixture of coarse aggregate, water and cement. It has a higher volume of voids due to little or no fine aggregates used in its manufacture. In addition, it generally has a narrower distribution of coarse aggregates compared to conventional concrete. The common range of porosities is 15% to 25% [1] . Pervious concrete pavements can be used as a source control measure capable of reducing both stormwater runoff volumes and pollutants loads [2] . The open pore structure of pervious concrete helps to infiltrate stormwater through to underlying layers and thereby increases water storage; however, this comes at a cost in terms of mechanic properties, such as compressive strength. This is the primary reason why pervious concrete is mainly restricted to use in light traffic load areas.
Mathematical modelling of conventional concrete has been studied extensively, but the numerical modelling of pervious concrete is more recent. The biggest difference is in the material structure. First of all, the larger pores at the macro or meso levels play a significant role in pervious concrete. Second, the cement paste is a very thin layer to bond aggregate together, which makes the agglomeration of aggregate particles more important than in normal concrete. For this reason, pervious concrete is treated as a discontinuum in this study.
The discrete element method (DEM) was introduced by Cundall in 1971 [3] to model rock systems. Particle flow code in two dimensions (PFC 2D) is one of the computer programs [4] which can implement the DEM method and is able to model a brittle solid. In PFC 2D every particle is bonded to its neighbour and the resultant assembly can be treated as a material that has elastic properties and which allows for fracture when bonds break in a progressive manner. The DEM method can be classified as an explicit, time-stepping technique in which thousands of time-steps proceed by PFC 2D to recognize the movement and interaction of particles for any time interval. This paper will present the results from the simulation of pervious concrete under compressive loading using the particle flow model.
Basic algorithm of PFC 2D
In a two dimensional Particle Flow Model (PFC 2D), the material is represented as an assembly of rigid circular particles. PFC 2D applies the law of motion to each particle and the force-displacement law to each contact that exists between two particles so that the movement of particles and the interaction force due to contacts can be estimated. In this system, the finite displacement and rotation between distinct particles are allowable. The PFC 2D program executes a dynamic process to justify the equilibrium states of the system and to reflect the behaviour of the assembly. The procedures, including the setting up of boundary and initial conditions, are shown in Fig. 1 . Fig. 1 DEM application to a particle assembly [4] Because of the rigidity, the motion of individual particles can be determined by the resultant force F i and moment M i , which always act on the centroid. Therefore, the translational motion and rotational motion can be calculated as:
Set contact behaviour and input the material properties such as Young's modulus and frictional coefficients Start Randomly generate a dense assembly of particles in a rectangular region confined by four walls Uniformly adjust particle radius to obtain an isotropic stress with servo-mechanism Uniformly adjust particle radius to obtain an isotropic stress with wall servo-mechanism Examine response and step to assembly equilibrium state 
where m is the mass of the particle, ‫ݔ‬ሷ is the acceleration and g is the gravity acceleration vector.
In two dimensions, the only one principal axis for rotation is in the out-of-plane direction,
where I is the principal moment of inertia and ‫ݓ‬ሷ the angular accelerations. Applying a centred difference integration technique to the above equations, the translation velocities ‫ݔ‬ሶ and the angular velocities ‫ݓ‬ሶ can be calculated during a time-step of ‫ݐ∆‬ as:
Then the location of each particle ‫ݔ‬ and w can be updated:
Constitutive model for pervious concrete

Original Two Particle Model
Pervious concrete is made of aggregate, cement paste and void spaces. The deformation of pervious concrete is considered as the movement of rigid aggregate particles along their points of contact. Damage arises mainly from the relative rotation and sliding between aggregate particles and the failure of interlocking at the interfaces due to the open pore intrusion. The aggregates can be represented as regular particles. However, for cement paste, using a combination of circular particle elements of size 1mm as an assembly causes particle flow. Also, a size of 1mm is not fine enough to represent the paste as a continuum. The main problem though with a two particle model is that the gap between the scale of the cement and aggregate particles radii results in the smaller particles flowing and the static status cannot be obtained. See Figs 2 and 3.
1592
Advances in Building Materials, ICSBM 2011 This phenomenon is attributed to the initial conditions applied to the system. To implement a tight compaction of particles, an initial stress state is required. For a discontinuous system, the average stress is defined as a tensor rather than being applied at a point. Hence, a specified isotropic stress state has to be achieved before loading commences. Under this environment, however, a given size distribution of particles may lead to a different individual status in one assembly. As shown in Fig. 3 , the relatively smaller cement paste particles could not be maintained in equilibrium under uniform stress conditions.
Equivalent model for cement paste
An alternative model utilizing a parallel bond to represent the cement paste is proposed. The mechanical properties of cement paste are input to the parallel bond springs; the solid volume is accounted for by the particles. This means that in this equivalent model, one solid particle consists of two quantities: one represents the aggregate; the other represents the cement paste. However, the additional stiffness provided by cement paste is isolated into the bond springs. A particular challenge is to select an appropriate elastic modulus for contacting particles. It is not appropriate to simply use the Young's modulus of the aggregate. If the cement Young's modulus in the parallel bond is E c , the quantity of E is reduced on the basis of volume expansion, see Fig. 4 .
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From the authors' previous study [5] , the volume fractions of aggregate and cement paste is 73% and 27%, respectively. Assuming the strain for a particle is ε and the total area is A with the elastic modulus E. Then the stress applied on the whole particle is:
The area occupied by aggregate is A 0 and the Young's modulus of this part is denoted E a . Accordingly, the stress is:
In order to ensure the strain ε remains the same after volume expansion:
Therefore:
Substituting E a =55 GPa [6] and A 0 =0.73A into equation (14), the equivalent value of E is 40.2 GPa.
Final constitutive model
In addition to a parallel bond simulating the cement paste as described above, contact and slip models are also employed to model the bonding behaviour between the cement paste and the aggregates.
Contact model
The contact behaviour between aggregates is described by a soft contact approach, using a finite normal stiffness to measure the stiffness between two particles. In other words, the contact model relates the resultant forces on a particle to its displacements based on the normal and shear stiffness of contact between aggregate particles: 
Slip model
The slip model is employed to simulate relative frictional sliding. It provides a criterion to judge the occurrence of slipping when the normal tensile strength is zero, by limiting the shear force. The maximum shear force in this case will be set to:
where ߤ is the friction coefficient of the aggregate. The general value of 0.5 is used for dolomite aggregates in this model. The model is supported by PFC 2D [4] , which uses eight micro-parameters: the ratio of the particle normal to shear stiffness (k n /k s ); the Young's modulus of contact (E); the ratio of the parallel bond normal to shear stiffness (k nc /k sc ); the Young's modulus of the parallel bond (E c ); the normal and shear strengths of bonding (σ and τ); the radius multiplier used in setting the bond radii (λ) and the particle friction coefficient (µ).
Particularly in order to model the pervious concrete with and without additives, the bond radii λ is a critical value. Since this parameter cannot normally be tested in the laboratory, a trial and error procedure is needed for setting the appropriate λ value. But the magnitude of λ will decide the periphery of the bond, so it should be proportional to the amount of cement paste. A larger value of λ represents a greater proportion of cement around the aggregate. Therefore a different value of λ is used to distinguish pervious concrete made with no additives from enhanced pervious concrete made with additives.
Numerical examples
The pervious concrete specimens under uniaxial compressive load are numerically simulated to validate the proposed model. To model such a discontinuous system, the input properties normally cannot be derived straight from laboratory measurements since the precise relationship between the Particle Particle Advanced Materials Research Vols. 168-170microscopic parameters and the macroscopic properties of pervious concrete is not yet known. Thus, a calibration process is adopted, in which the responses of the synthetic assembled model are compared with the behaviours of physical specimens tested in the laboratory. A set of parameters are then chosen to characterize the pervious concrete though a number of trials solved using PFC 2D as well as reference to published literature [7, 8, 9] . These parameters are shown in Table1. 
Compression testing
Uniaxial compression was applied to the DEM and the results were compared with those from the previous experimental investigation [5] . At first, the particle assembly is compacted into a rectangular geometry with size of 100×200mm. Before the loading test, the assembly has to achieve a static equilibrium status with only internal stress. When the loading process is staged, the side wall is deleted to create an unconfined condition and the upper wall boundary moves downwards at a velocity of 0.1mm/s to the bottom fixed boundary. During the movement, the wall is kept rigid by using a linear solid line segment. Fig. 6 shows the initial state of the particle model before testing. It can be seen that extra voids are excavated besides the pores formed by particle packing in order to generate a desired porosity, which is 20% in this modelling procedure. Meanwhile, the contact forces are shown as black strips. They spread throughout the specimen showing that a tightly compacted assembly has been set up. Fig. 6 The particle assembly produced with PFC 2D
Specimen made without additives
The first example deals with pervious concrete specimens excluding additives and fine aggregates. The strain was tested by monitoring the position of four reference particles placed at the centres of the four specimen edges. The stress could be measured either by these four reference particles or by examining the force worked on the wall. Fig. 7 shows a plot of the stress-strain curve.
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Step 18797 The peak strength of material and elastic constants are extracted and shown in Table 2 . The tested average peak strength was 19.0 MPa from experiments and the corresponding E estimated from an empirical formula [10] was 15.6 GPa. Comparing these values, it can be seen that the average modelling result of peak strength is within 1% and the result for E is 14.7% lower than the empirically estimated value. The Poisson's ratio of pervious concrete was larger than that for conventional concrete according to this model. The real value of Poisson's ratio of pervious concrete has rarely been tested experimentally. Nevertheless, the model illustrates that the lateral strain of pervious concrete could be larger than for normal concrete, which seems possible due to the reduced restraining stress deriving from the cement paste.
Enhanced specimen with admixtures
The second example concerns enhanced specimens with additives (admixtures). In a previous experimental investigation [5] , the pervious concrete with improved strength was produced by strictly controlling the amount of fine aggregates and by using chemical additives. This showed that the hardened cement paste provides higher bonding strength to combine the aggregates, owing to the densification from the admixtures, and that an increased peak compressive strength could be achieved. But the visual porosity was decreased for this kind of pervious concrete compared to concrete made without admixtures. In the PFC 2D model, this change could not be reflected by the rearrangement of particles since when aggregates with specified grading are packed into a given region, the possible minimum porosity is a constant under a fully tight compacting condition. Instead therefore, as mentioned above, the parameter λ was scaled to 1.016 from 0.66 to simulate the enhancement effects when the water proportion is not changed. In addition, the Young's modulus of Vs.
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The responses of the enhanced specimen under compression are shown in Table 3 . 
Comparison of numerical results and experimental observations
In the experimental investigation, the tested value of peak strength for the enhanced specimen with additives was 33.2 MPa. Table 3 shows that the modelling result was 30.6 MPa, which is very close to that of the experimental value. The modelling elastic modulus was 25.7 GPa compared to the empirical value of 26.1 GPa [10] , representing a relative error of just 1.5%. Moreover, the Poisson's ratio of this specimen tested was less than that of first specimen, which also correlates with increase in strength.
The micro fracture procedure of both specimens can be numerically examined as well, as presented in Fig. 9 . The black line represents the total crack number progressing with time; the red line shows the crack number for normal failure and the blue line gives the crack number for shear failure. These micro failures accumulate with increasing time during the test, ultimately leading to specimen fracture at the macro level. The crack patterns are extracted particularly at the peak stress and at the finish of testing for each specimen, as summarized in Table 4 . It can be seen that for specimens with additives, the shear cracks account for a higher proportion of the total cracks compared to those specimens without additives. This illustrates that the shear stress provided by the parallel bond could bear increasing interaction forces in the enhanced specimen. As also shown in Fig. 9(b) , the shear cracks develop almost at the same pace as the normal cracks. It seems like that the increment of bond strength in the shear direction reduces the growth of normal failure as shown in Fig. 9(a) . Thus, when the specimens failed, as shown in Table 4 , the specimens with additives accommodate more microcracks than the specimens without additives. This means that the model with additives is capable of withstanding more external compression loading before turning into an unstable system. Correspondingly, the specimen with additives presents a higher macro compressive strength than the specimen without additives.
Conclusions
Pervious concrete is not like conventional concrete since the influence of macro pores is a significant factor to render it more heterogeneous and it behaves as a discontinuous material. The particle assembly model was developed to be a simple and effective way of simulating the behaviour of pervious concrete. Using different sets of parameters, the numerical model could characterize the behaviour, under compression loading, of pervious concrete made with or without additives. The PFC 2D model predictions matched well with the results of previous experiments and empirically derived properties. This demonstrates the great potential of DEM to analyse the performance of pervious concrete.
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